Double-layer electrodes using TiO 2 -P25 as the first layer and SrTiO 3 or BaTiO 3 as the second layer were prepared to improve photovoltaic performance of dye-sensitized solar cells (DSCs), since SrTiO 3 and BaTiO 3 have more negative conduction bands than that of TiO 2 . TiO 2 -anatase second layer with the similar particle size to these double oxides was also prepared as a comparison. Crystal structure, microstructure, film thickness, amount of dye adsorption, JV curves and IPCE spectra were characterized. Open-circuit voltage (V OC ) of the DSCs with the SrTiO 3 or BaTiO 3 second layer was improved due to the inhibition of electronhole recombination by the second layer at the top side of the TiO 2 first layer. Elongation of the electron life time due to the band-structure matching might be another reason of the increase in V OC . By using the second layer, short-circuit current density (J SC ) was also slightly improved (³4%), possibly due to the increase of electrode thickness and light confinement effect for >³650 nm. As a result, the DSC using BaTiO 3 second layer electrode had the largest conversion efficiency of 5.71% with an enhancement of 11.3% compared to that of TiO 2 -P25 single-layer electrode.
Introduction
Dye-sensitized solar cells (DSCs) have attracted much attention because of their simple fabrication processes and fashionable colorful designs.
1) The photoelectric conversion efficiency of the advanced DSCs has exceeded 10%, 2)8) which is almost equal to that of amorphous Si solar cells. DSCs are composed of a dyesensitized porous oxide electrode on a transparent conducting glass, an electrolyte and a Pt coated counter electrode. 9) To date, TiO 2 -anatase nanoparticles are typically applied to the porous oxide electrodes. TiO 2 nanoparticles with large surface area can adsorb a great amount of dye molecules, giving a large light harvesting and an efficient electron injection. 10) As a strategy to improve the efficiency of DSCs, double-layer electrodes, either same-compound (homo) or different-compound (hetero) layers, have been reported. Wang et al. 11) reported that a short-circuit current density (J SC ) was enhanced by using small and large TiO 2 nanoparticles for the first and second layers, respectively. The large particles in the second layer scattered the long-wavelength light over ³650 nm, which increased the total light absorption, and resulted in increased J SC (i.e., light confinement effect).
Other oxides, such as ZnO, SnO 2 , Nb 2 O 5 and WO 3 , have also been studied as oxide electrode.
12)22) Recently, we have studied the performance of DSCs with perovskite-type SrTiO 3 , CaTiO 3 and BaTiO 3 electrodes, 23) either monolithic perovskite or composites with TiO 2 . In our previous study, 23) an increase of opencircuit voltage (V OC ) was realized, which was attributed to the modified band structure; these perovskite-type double oxides have larger difference between the conduction bands (CB) and electrolyte's redox potential than that of TiO 2 -anatase, due to their more negative CB. 24)26) On the other hand, the more negative CB led to a decrease of electron injection from the dyes to oxide electrodes, resulting in smaller J SC than TiO 2 . 27) In this study, the double-layer electrodes were prepared to improve V OC , J SC , and the conversion efficiency; they are composed of nano-sized TiO 2 -P25 (anatase and rutile mixture) as the first layer and SrTiO 3 or BaTiO 3 with relatively large particle size as the second layer (Fig. 1) . The aims of this structure are as follows:
1) extended light path and light confinement by using the second layer (to improve J SC ), 2) inhibition of electronhole recombination at the interface of first and second layers (to improve V OC ), 3) elongation of electron life time by the band structure matching (to improve V OC ).
Experimental 2.1 Preparation of SrTiO 3 and BaTiO 3 powders
In the same way as our previous report, 23) commercially availa- 
Preparation of double-layer DSC
The commercial TiO 2 -P25 powder with ³30 nm particle size (Nippon Aerosil Co., Ltd., Tokyo, Japan) was used as the first layer. The TiO 2 -P25 powder was mixed with polyethylene glycol (Molecular weight: 20,000, Wako Pure Chemical Industries Ltd., Osaka, Japan), distilled water, ethanol (99.5%, Wako Pure Chemical Industries Ltd., Osaka, Japan) and acetylacetone (99%, Wako Pure Chemical Industries Ltd., Osaka, Japan) by a magnetic stirrer for 30 min. The TiO 2 -P25 paste was coated on indium-doped SnO 2 conducting glasses (ITO, Type 0052, 10 ³/sq., Geomatec Co. Ltd., Yokohama, Japan) by a squeegee method with the electrode area of 1 cm 2 . The coated electrodes were then dried on a hot-plate at 100°C for 10 min, and calcined at 450°C for 30 min. After cooling to room temperature, these electrodes were immersed in an 80 mM TiCl 4 solution (95%, Wako Pure Chemical Industries Ltd., Osaka, Japan) at 70°C for 30 min, rinsed with ethanol and finally dried in air. For comparison, DSC with TiO 2 -P25 single-layer electrode and double-layer electrode (first layer: TiO 2 -P25, second layer: TiO 2 -anatase with the diameter of ³200 nm) were also prepared. After the TiCl 4 treatment, the TiO 2 -P25 single-layer electrode and double-layer electrodes were calcined at 450°C for 60 min and 15 min, respectively. As for the double-layer electrodes, TiO 2 -anatase, SrTiO 3 and BaTiO 3 pastes, prepared in the same manner as that of TiO 2 -P25, were coated on the TiO 2 -P25 films, and then calcined at 450°C for 45 min. After cooling to 80°C, these electrodes were immersed in a 0.5 mM N719 dye solution in ethanol (SigmaAldrich Co. LLC.) at 40°C for 24 h, and finally washed with ethanol.
The DSCs were assembled by placing the dye-sensitized electrodes on the counter electrodes of Pt-coated ITO glasses with a 50¯m polyethylene film spacers. The cells were clipped together as open cells. The electrolyte solution was composed of 0.05 M I 2 (99.9%, Wako Pure Chemical Industries Ltd., Osaka, Japan), 0.1 M LiI (97%, Wako Pure Chemical Industries Ltd., Osaka, Japan), 0.6 M 1,2-dimethyl-3-propylimidazolium iodide (>98%, Sigma-Aldrich Co. LLC), 0.5 M 4-tert-butylpyridine (TBP, 96%, Sigma-Aldrich Co. LLC.), in acetonitrile.
Characterization
X-ray diffraction (XRD, 40 kV, 40 mA, Multiflex, RIGAKU, Tokyo, Japan) was used to determine the crystal structure of synthesized SrTiO 3 and BaTiO 3 powders. Scanning electron microscopy (SEM, JSM-5600, JEOL Ltd., Tokyo, Japan) was applied to investigate morphology of the oxide powders and film thickness. Current densityvoltage (JV) characteristics was recorded with 6241A source meter (ADCMT, Tokyo, Japan) by using a solar simulator (XES-40S1, San-Ei Electric, Osaka, Japan) calibrated to AM 1.5, 100 mW/cm 2 with a standard silicon photodiode (BS520, Bunkoh-Keiki Co. Ltd., Tokyo, Japan).
To measure the amounts of loaded dyes, the sensitized electrodes were immersed in a 0.1 M NaOH aq. solution for 6 h to desorb the dyes, and then, optical absorption spectra were measured by using ultravioletvisible (UVVis) spectroscopy (UV3100PC, Shimadzu Co., Kyoto, Japan). Incident photon-to-current conversion efficiency (IPCE) was measured with a spectral response & IPCE measurement system (SM-250, Bunkoukeiki Co., Tokyo, Japan).
Results and discussion
3.1 Evaluation of synthesized double oxide powders Figure 2 shows the XRD patterns of synthesized SrTiO 3 and BaTiO 3 powders. It is observed that single-phase cubic SrTiO 3 and tetragonal BaTiO 3 were obtained, respectively. ICDD-JCPDS No. 86-0178 for cubic SrTiO 3 and ICDD-JCPDS No. 74-4540 for tetragonal BaTiO 3 were used to determine the crystal structure. Figure 3 demonstrates SEM images of the oxide powders used for the electrodes. The diameters of TiO 2 -P25 (for the first layer), TiO 2 -anatase (for the second layer), SrTiO 3 and BaTiO 3 particles were ³30, ³200, 200500 nm and ³1¯m, respectively. The particle size of SrTiO 3 was smaller than that of BaTiO 3 , as observed in the previous paper, 23) probably because the melting point of SrTiO 3 (³2080°C) is higher than that of BaTiO 3 (³1625°C). TiO 2 -P25, respectively. Figure 4 shows the SEM cross-section images of these electrodes. It can be seen that thickness of the first layer (TiO 2 -P25) was ³1213¯m, and those of the second layers were ³1011¯m.
Film thickness and dye adsorption
As summarized in , respectively. Despite the double-layer structure, total amounts of adsorbed dyes were almost constant in all electrodes. To verify this result, the amounts of adsorbed dyes of single-layer electrodes made of TiO 2 -P25, TiO 2 -anatase, SrTiO 3 and BaTiO 3 were further examined (per area per thickness) as shown in Table 1 (b). These single-layer oxide films were prepared in the same manner as the TiO 2 -P25 singlelayer electrode. The dye adsorptions of TiO 2 -anatase, SrTiO 3 and BaTiO 3 were smaller by one scale than that of TiO 2 -P25. Hence, the second layers did not affect the total dye adsorption very much.
DSC performance
The JV characteristics of the DSCs are shown in Table 2 and Fig. 5 . The J SC of TiO 2 -P25, TiO 2 -anatase/TiO 2 -P25, SrTiO 3 / TiO 2 -P25 and BaTiO 3 /TiO 2 -P25 were 12.7, 13.2, 12.8 and 13.2 mA/cm 2 , respectively. The DSCs with double-layer electrodes had larger J SC than that with single-layer electrode. The V OC of the TiO 2 -P25 and TiO 2 -anatase/TiO 2 -P25 were almost constant (717 and 724 mV), whereas that of SrTiO 3 /TiO 2 -P25 and BaTiO 3 /TiO 2 -P25 were enhanced to 735 and 745 mV, respectively. Judging from the results, the improvements of V OC were attributed to the SrTiO 3 and BaTiO 3 second layers. To investigate the effect of the SrTiO 3 and BaTiO 3 second layers, a series resistance (R s ) and shunt resistance (R sh ) were calculated from the gradient of JV curves at the V OC and J SC , 28) respectively. R s values of all DSCs were comparable. On the other hand, R sh values of SrTiO 3 /TiO 2 -P25 and BaTiO 3 /TiO 2 -P25 (5.65 and 4.18 k³) were higher than those of TiO 2 -P25 and TiO 2 -anatase/ TiO 2 -P25 (3.57 and 2.90 k³). An enhanced R sh shows a decrease of leakage and recombination of electrons, resulting in improvements of J SC and V OC . 28 ), 29) Considering the structure of double-layer electrodes in this study (Fig. 1) , the top side of the TiO 2 -P25 film is substantially covered by the SrTiO 3 or BaTiO 3 second layer, whereas the top surface is completely exposed to the electrolyte in the single layer electrode. Therefore, the electronhole recombination in the vicinity of the top side of TiO 2 layer is inhibited, due to more negative CB of SrTiO 3 and BaTiO 3 than that of TiO 2 (Fig. 6) , which resulted in the increase of V OC . Such a result was reported for the coated porous particle layer with a thin hetero-oxide layer.
30),31) Moreover, Wang et al., 32) reported that the electron life time was improved by using a band-structure matched double layer electrode composed of coreshell SnO 2 TiO 2 nano particles and ZnO nanoplates as the first and second layers, respectively. Figure 7 shows IPCE curves of the prepared DSCs. Although the dye adsorptions of double-layer electrode were comparable to that of TiO 2 -P25 (Table 1) , their IPCE values were larger than that of TiO 2 -P25 in all wavelength range from 400 to 800 nm. The enhancement is possibly due to the extended path of light by the two times thicker film of the double-layer electrodes than that of singlelayer electrode. This resulted in the enhancement of IPCE in the all wavelength even with comparable dye adsorptions. Furthermore, the light confinement effect by the second layer composed of relatively large particles also contributed to the remarkable increase at ³650 nm. 11) These effects resulted in the increase of J SC .
Conclusions
The double-layer electrodes composed of TiO 2 -P25 first layer and SrTiO 3 or BaTiO 3 second layer were prepared to improve the performance of DSCs. SrTiO 3 /TiO 2 -P25 and BaTiO 3 /TiO 2 -P25 showed improved V OC compared with DSCs using only TiO 2 either single or double layers. The V OC improvement was probably attributed to (1) the inhibition of electronhole recombination at the top side of TiO 2 layer, covered by the SrTiO 3 or BaTiO 3 second layer, and (2) the improved electron life time by the band structure matching. The larger J SC were obtained for the DSCs using double-layer electrodes. The improvement is attributable to the extended light path by increase of the electrode's thickness and light confinement effect by the second layer with relatively large particles. As a result, the DSC using BaTiO 3 double-layer electrode had the largest conversion efficiency of 5.71% with an enhancement of 11.3% compared to that of TiO 2 -P25 single-layer electrode.
